Supplementary Discussion
A simplified energetic analysis presented here sheds light on the role of the weak van der Waal interactions on the stability of the scrolls and folds. Following Ref. [9] , consider the initial stages of the formation of a scroll of size R in a nanoribbon with Lk = 1. An end displacement of L − z = 2πR removes the twist by nucleating a partially bilayered singly looped scroll as seen in Fig. 4c . The change in energy is ∆U = D 2 2πR R 2 + 2πR(T − αu c w) − 2π|M |.
The first term is the bending energy, the second term is the work done by the average end tension T , the third term represents the energy gain due to the long-range interactions within the bilayered portion, and the last term is the energy gain as the Twist T w is converted to Writhe W r.
Increasing the initial rotation to Lk = 2 leads to a two-stage response where the end displacement 2πR first leads to a singly looped scroll with the residual twist T w = 1. The energetics can be described by a modified version of Supplementary Equation 1 that also includes the energy stored in the twist, which scales quadratically with the twist density φ = T w/λL. For L − z ≈ 4πR, the loop grows by a layer and forms a doubly looped scroll, and in the process removes the twist completely in the remainder of the ribbon. The additional energy change can be again described by Supplementary Equation 1. A limitation of this analysis is that since the couple (M , T ) varies with L − z, further analytical progress requires a load-controlled experiment (fixed M or T ) where Lk is now allowed to adjust to the imposed dead load. For example, for constant M = Cφ with C the torsional rigidity, minimizing ∆U yields the critical scroll size R * = D/2T with a modified adjusted tension, T = T − αu c w. The corresponding energy change ∆U = D/2T − |M |. The effect of supercoiling is embedded in the end couple as it increases with Lk. Although the analysis does not make direct contact with the rigid loading employed in simulations, it reveals the importance of the ratio D/u c in stabilizing these conformations.
Supplementary Methods and Equations
Additional simulation details Stability of initial twisted configuration: The initial end distance z can be in principle larger than the ribbon contour length L (λ > 1). The resultant pre-stretch is higher. However, it does not lead to qualitatively new behavior. For λ = 1, the phase diagram shows that the twisted structure is usually stable. We have confirmed this for large initial twists Lk ≥ 10 by performing simulations in excess of 10 ns with λ = 1. Note that at large supercoiling, the initial ribbon conformation is no longer isometric due to the large pre-stretch. An example of such a conformation is shown in Supplementary Figure 1 . As λ is decreased, the pre-stretch is gradually eliminated and the conformation becomes isometric (also shown in the figure).
Low temperature simulations: To quantify the effect of thermal fluctuations on the critical points, we have performed a series of MD simulation at 10 K for a nanoribbon with L = 110.4 nm, w = 1.36 nm and Lk = 10. The critical points for twist to helix transition and scroll formation 
Extraction and analysis of ribbon conformations
Ribbon centerline and edges: The initial relaxed, untwisted ribbon geometry is used to link each vector with its terminal pair of hydrogen atoms. Thereafter, they are generated dynamically by monitoring the coordinates of the linked hydrogen atoms. The average of the coordinates of the pairs of hydrogen atoms yields a point on the centerline. The entire centerline is generated by interpolating a space curve through these points. The ribbon edges are constructed similarly by interpolating through the coordinates of the terminal hydrogen atoms.
Twist and Writhe:
The ribbon centerline and the edges are used to extract T w and W r stored in the ribbon. T w is the rotation of the ribbon vectorû about the ribbon tangentt,
It is extracted by counting the number of times the pair of hydrogen atoms exchange their position about the ribbon centerline, we ignore the fractional twist. W r is a more involved, non-local double integral. For continuous deviations from a reference curve which we take to be the horizontal that runs through the clamped endsẑ, the curve simplifies to a local quantity [11, 7] W r ≈ 1 2π
It is calculated continuously. Note that there are no antipodal points (t ·ẑ = −1) in the scroll or the fold as their axis is always inclined toẑ.
The results for a ribbon of width w = 1.14 nm, length L = 110.4 nm and Lk = 10 are shown in Supplementary Figure 2 . There are fluctuations in the quantities due to the finite temperature, yet the Linking number extracted as the sum T w + W r is invariant, as expected. 
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Theoretical analyses
Rigidly loaded nanoribbon: The nanoribbon centerline is modeled as an inextensible but deformable space curve due to the large stretching stiffness relative to bending and twist energies. We restrict the analysis to rigid loading conditions with a prescribed end distance λ < 1 and fixed Linking number Lk. The critical point for helix-scroll transition follows from an energy balance between the two conformations. The energy of the helix is the sum of bending and twisting energies associated with the space curve traced by its centerline. The scroll regions are stabilized by vdW interactions between the layers, and energy associated with bending the layers. Below, we analyze a simple but illustrative example where the curvature and torsion of the ribbon centerline are uniform in the helical and scroll regions. We also ignore corrections due to discontinuities and highly localized deformations at the scroll-helix interface.
Geometry: The nucleation of the scroll removes a length L s and Linking number Lk s from the helix. The total length and linking number should be conserved,
Here, the normalized lengths l h = L h /L and l s = L s /L, and the normalized Linking numbers ρ h = Lk h /Lk, and ρ s = Lk s /Lk, with L h and L s the lengths of helical and scrolled regions, and Lk h and Lk s the corresponding Linking numbers. For the sake of completeness, the expression is generalized to also include the normalized length and Linking number associated with intrinsic twist in the nanoribbon, l t = L t /L and ρ t = Lk t /Lk. The centerline of the helix, constrained to an end distance z = L(λ − l t ), results in a pitch 2πh = z/Lk h and helical radius r h = (L h ) 2 − z 2 /2πLk h . Then, the generalized curvature κ h , torsion τ h and radius r h can be expressed as,
The energetically relevant term for scroll is its average curvature κ s = 1/r s ,
Energetics: The Gaussian curvature of an inextensible ribbon is invariant under isometric deformations of the surface. For a developable ribbon without spontaneous curvature, the Frenet frame (FF) and the material frame (MF) are coincident and the internal twist τ t = 0 (l t = ρ t = 0) [18] . In the limit of small ribbon widths w L as is the case here, the free energy of helical region follows from the Sadowsky functional [25]
where the out-of-plane bending stiffness D = Et 3 /12(1 − ν 2 ). Supplementary Equation 7 expressed in terms of the pitch angle η = τ h /κ h yields Eq. 1 in the main text. The free energy of the scroll U s is the sum of bending energy U b s and torsional energy U int s ,
where αu c is the interaction energy per unit area of the scroll as mentioned in the text. Combining Supplementary Equations 4-8 with l t = 0 and ρ t = 0 yields the total free energy of formation of a scroll within a helical nanoribbon,
The interaction area increases with scroll size and this effect can be captured by allowing α to vary. Singly looped scrolls nucleate such that only a small part of the loop is double layered and interacting. We take this limit to be α ≈ 1/4. The other limit is that of a multiple layered scroll, i. e. α ≈ 2. The Linking number stored in the scroll is the measure of the number of layers. Taken together with the two extreme cases, the fractional interaction area α(ρ h , Lk) takes the form
Substituting in Supplementary Equation 9 , we get,
with β = D/2αu c (2πLk/L) = ζ D/2αu c . The limit Lk 1 yields the energy functional referenced in the main text, 
with the solution of interest in the range 0 < ρ h < 1 for λ ≤ l h ≤ 1. Substituting Supplementary Equation 13 into the energy functional,
and minimizing with respect to length of the helical phase l h , we get
λ(λ − β) < λ is not permissible and the solution of interest lies in the range λ < λ(λ + β) < 1. Combining Supplementary Equations 13 and 14, we arrive at the three stable conformational regimes: The results are plotted in Supplementary Figure 3 as a stability diagram λ vs. β. The energy minimization also yields the equilibrium scroll radius,
in each of the three regions. Using Supplementary Equations 15-17,
The variation is plotted in Fig. 5 for a zigzag GNR.
Varying α(ρ h , Lk): We minimize Supplementary Equations 10 and 11 numerically using Mathematica. The comparison with the analytical approximation for L = 110.4 nm, w = 1.136 nm and Lk = 5 and 10 (β = 0.145, 0.290) is plotted in Supplementary Figure 4 . 
Scroll Nucleation
The critical values l * h , ρ * h and R * s are obtained as function of β and Lk by solving Supplementary  Equation 18 , 
where
The stable scroll after nucleation is singly looped (Lk * s = 1) or doubly looped (Lk * s = 2). Defining Lk * s = 1 as point at which the scroll nucleates and taking the large Linking number limit Lk Lk * s , Supplementary Equations 24 and 23 can be further simplified as
Furthermore, in the limit β → 0, we get
The full 
Self-collapse: Scroll-fold transition
The critical scroll radius for energetically favored self-collapse is a low-dimensional analogue of the collapse of large radii nanotubes, and we use a similar approach to analyze this transition. Following Tang et al. [27] , the critical radius can be expressed as 
The precursor scroll that collapses is assumed to be multilayered, and Supplementary Equation 23 with α = 2 is the corresponding critical size of the scroll, and we arrive at the criteria for self-collapse, 
The critical curve (λ * f , ζ * f ) for zigzag GNRs with D = 1.5 eV/nm 2 , u c = 1.536 eV, L = 110.4 nm and w = 1.36 nm is shown in Supplementary Figure 6 and is also plotted in Fig. 3 in the main text.
